ABSTRACT. Selection among broilers for performance traits is resulting in locomotion problems and bone disorders, once skeletal structure is not strong enough to support body weight in broilers with high growth rates. In this study, genetic parameters were estimated for body weight at 42 days of age (BW42), and tibia traits (length, width, and weight) in a population of broiler chickens. Quantitative trait loci (QTL) were identified for tibia traits to expand our knowledge of the genetic architecture of the broiler population. Genetic correlations ranged from 0.56 ± 0.18 (between tibia length and BW42) to 0.89 ± 0.06 (between tibia width and weight), suggesting that these traits are either controlled by pleiotropic genes or by genes that are in linkage disequilibrium. For QTL mapping, the genome was scanned with 127 microsatellites, representing a coverage of 2630 cM. Eight QTL were mapped on Gallus gallus chromosomes (GGA): GGA1, GGA4, GGA6, GGA13, and GGA24. The QTL regions for tibia length and weight were mapped on GGA1, between LEI0079 and MCW145 markers. The gene 17545 Genetic parameters and QTL mapping in broilers ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (4): 17544-17554 (2015) DACH1 is located in this region; this gene acts to form the apical ectodermal ridge, responsible for limb development. Body weight at 42 days of age was included in the model as a covariate for selection effect of bone traits. Two QTL were found for tibia weight on GGA2 and GGA4, and one for tibia width on GGA3. Information originating from these QTL will assist in the search for candidate genes for these bone traits in future studies.
INTRODUCTION
For over half a century, broiler breeding programs have focused mainly on improving important production traits, such as growth rate and feeding efficiency (Le Bihan Duval et al., 2011) . According to Knowles et al. (2008) , broiler growth rate has increased by 300% in the last 60 years. However, bone structure is not strong enough to support body weight in broilers with high growth rates (Bradshaw et al., 2002) . Bone disorders in broiler lines result from intense selection for fast growth (Havenstein et al., 1994a; 1994b) , which may have favored the elimination of alleles that influence bone structure, strength, and composition, resulting in disorders of bone metabolism. Reis et al. (2011) demonstrated that fast bone growth caused by rapid weight gain does not allow bone tissue to form properly, resulting in low mechanical performance and less resistant and rigid bones. Breeding programs have focused on improving bone integrity traits, due to economic losses in the poultry industry such as reduced economic return from carcasses with lesions resulting from high body weight with low bone strength. Bone integrity traits are highly relevant to the poultry agroindustry; however, these traits are difficult to measure. The use of advanced techniques for genome studies can be an effective alternative in order to decrease skeletal problems in heavy broilers. Quantitative trait loci (QTL) mapping is one of the major approaches in molecular genetic studies for detecting genetic variability of economically important traits (Zhang et al., 2011) . Mapping studies have identified regions in the chicken genome that contribute to characterization of genetic variation, thus allowing mapping of candidate genes.
The majority of QTL previously mapped for growth traits were associated with body weight and carcass composition (Gao et al., 2011) . Some authors have mapped QTL for bone traits (Schreiweis et al., 2005; Sharman et al., 2007) , such as tibia and femur length (Tsudzuki et al., 2007; Zhou et al., 2007; Gao et al., 2010) . According to Araújo et al. (2012) , studying traits inherent to bone structures and properties will help to improve our understanding of locomotor disorders, and provide possibilities for effective solutions. In order to better understand the genetic architecture of bone and growth traits in broiler chickens, the aim of the current study was to estimate genetic parameters and map QTL regions for body weight at 42 days of age (BW42) and tibia bone traits in an F 2 chicken population (broiler x layer line).
MATERIAL AND METHODS

Experimental population
Chickens used in the study were an F 2 population developed at the Brazilian National Research Center for Swine and Poultry (Embrapa Suínos e Aves, Brazil) from reciprocal crossbreeding of broiler male (TT) and layer female (CC) lines, as previously described (Nones et al., 2006; Savegnago et al., 2011) . The population was designed specifically for QTL mapping studies, to obtain linkage disequilibrium and variability for performance and carcass traits (Nones et al., 2006; Ambo et al., 2009; Savegnago et al., 2011) .
Chickens were reared in floor pens until 35 days of age, and were then individually caged until 41 days of age. They were offered ad libitum access to corn, soybean, and water, and a ration diet that contained 21% crude protein (CP) and 3150 kcal metabolizable energy (ME) (1 to 21 days of age); 20% CP and 3200 kcal ME (22 to 35 days of age); and 18.5% CP and 3200 kcal ME (36 to 41 days of age). Chickens were slaughtered at 42 days of age, at which point, blood samples were collected for DNA analysis.
Phenotypes and genotyping
Body weight at 42 days of age (BW42) corresponded to live weight after 6 h of fasting and transportation for slaughter. Following slaughter, cartilage and muscle were removed from the tibias of each bird, which were then stored at -20°C for subsequent measurements. Tibia traits were evaluated after thawing of tibia samples to room temperature. Tibia length (the distance between distal and proximal bone ends) and width in the central region of the bone were measured using a manual caliper (0.01 mm). Bones were weighed on an analytical balance.
DNA was extracted from blood samples (5 µL) using 500 µL DNAzol ® following the manufacturer instructions (Life Technologies, Gaithersburg, MD, USA). A total of 649 animals were genotyped using 127 microsatellite markers, as previously described (Nones et al., 2006; Campos et al., 2009) . Genotyping was carried out using a MegaBACE automated sequencer, and fragment size analysis was performed using the Genetic Profiler software (both GE HealthCare, Little Chalfont, BKM, UK).
Genetic parameters
The least-squares method was employed to define fixed effects to be included in the mixed model, using the SAS ® GLM procedure (Statistical Analysis System, v.9.3, Cary, NC, USA). The group was composed by the fixed effect of sex (male or female), and hatching (17 levels), and was statistically significant (P < 0.0001) for all traits (BW42; tibia length, width, and weight). Body weight at 42 days was statistically significant (P < 0.01) and was considered as a covariate for tibia length and width (linear and quadratic), and tibia weight (linear effect).
Genetic parameters and standard errors were estimated by restricted maximum likelihood testing under an animal model (multi-trait analyses). Analyses were conducted using the WOMBAT software (Meyer, 2007) considering the convergence criterion of 10 -9 . The general model included the fixed effect of group (sex-hatching) and random direct additive genetic and residual effects for all traits. The trait BW42 was also included in the model as a covariate for tibia bone traits. The mixed model used for all traits was:
In Equation 1 above, y is the observation vector for each trait; β the vector of all fixed effects; α the vector of random direct additive genetic effects; and e the vector of random residual effects. The 
Quantitative trait loci mapping
Interval mapping was used to detect QTL for tibia bone traits. Analyses were performed using the GRIDQTL software (http://www.gridqtl.org.uk/index.htm; Seaton et al., 2006) . Fixed effects of dam's family, sex, and hatching, as well as the BW42 covariate, were included for all traits. Chromosomal significance thresholds (α = 0.05 to 0.01) were determined using GRIDQTL with 10,000 permutation tests (Churchill and Doerge, 1994) .
Positions of markers flanking QTL regions were identified in base pairs according to Gallus gallus 4.0 genome assembly (NCBI database http://www.ncbi.nlm.nih.gov/ genome/?term=gallus+gallus). Identified QTL regions were individually scanned for identification of potential candidate genes associated with bone traits in broilers.
RESULTS
Genetic parameters
Phenotypic variations in tibia length, width, and weight, and in BW42 were observed through descriptive statistics (Table 1) . Tibia weight and length presented, respectively, the highest (20.75%) and lowest (6.5%) coefficients of variation. Tables 2 and 3 show genetic parameters estimates obtained from multi-trait analyses. Heritability estimates (Table 2 ) ranged from 0.15 ± 0.05 (BW42) to 0.32 ± 0.09 (tibia width). The highest genetic correlation was observed between tibia weight and width (0.89 ± 0.06); the lowest was between tibia length and width (0.57 ± 0.17). Heritability estimates, genetic and phenotypic correlations decreased when bone traits were adjusted for the covariate BW42, with the exception of tibia length (Table 3) . Number of animals (N), mean, standard deviation (SD), minimum (Min), and maximum (max) values, and coefficient of variation (CV). 
Quantitative trait loci mapping
The majority of QTL regions (Table 4 ) mapped on the largest chicken chromosome, GGA1, which is 195 Mbp in size and 16.25% of the chicken genome. Quantitative trait loci regions mapped on GGA1 and GGA4 for all three tibia bone traits, whereas QTL regions of tibia length and weight were mapped flanked by markers LEI0079-MCW145 on GGA1 (Figure 1) , and MCW0240-LEI0063 on GGA4 (Figure 2 ; Table 4 ). This result was validated by high genetic correlation estimated for these traits (0.79 ± 0.09). The QTL mapped for tibia length on GGA1 (ADL150-ADL309) showed additive and dominant effects, suggesting interaction between alleles at the same locus for this trait. The QTL for tibia length was mapped on a region of GGA4 flanked by markers ROS0024 and MCW240 (Table 4) . A QTL with dominance effect for tibia length was mapped on GGA6, flanked by markers ADL0377 and ADL0142 (Table 4) ; those with additive and dominance effects for tibia weight and width were mapped on, respectively, GGA13 (ADL0147-MCW0213) and GGA24 (MCW301-LEI0069) chromosomes (Table 4) . After adjustment for the covariate BW42, two new QTL regions were mapped. The first was mapped for tibia weight between ADL0373 and LEI0096 markers on GGA2; the second for tibia width between LEI0118 and MCW0224 markers on GGA3. These Figure 1 . Statistical estimates of F-ratio according to position (cM) for tibia width and weight on GGA1. Tibia width (F test = 7.21*) and weight (F test = 12.43**). *P < 0.05; **P < 0.01. regions were not evidenced when the traits were adjusted to BW42 as covariate. Only the QTL region mapped for tibia weight on GGA4 was observed between the same flanking markers (MCW0240-LEI0063) for both analyses (with and without the BW42 as covariate).
DISCUSSION
Genetic parameters
Means obtained in this study (Table 1) were lower than those previously reported by Applegate and Lilburn (2002) for a broiler line. Hocking et al. (2009) reported similar means to present study for tibia length, width and weight (Table 1) . The results obtained in our study for tibia weight had greater phenotypic variability than other traits; much of this (98%) was attributed to broiler body weight, according to Applegate and Liburn (2002) .
According to heritability estimates for BW42 and tibia bone traits, traits appeared to be responding to selection processes. Regarding heritability estimates, we can infer that there is influence of genes of additive action, which are responsible for genetic variability. De Koning et al. (2003) reported heritability estimates for BW42 and tibia weight in a commercial broiler population that were lower than those observed in our study. Verdal et al. (2013) found higher heritability estimates for tibia weight, length and diameter, compared to those reported in the current study. In our study, the proportion of phenotypic variance due to additive gene effects was higher for tibia length when this trait was adjusted for BW42. Because the artificial selection process in broilers is based on faster weight gain, animals display high body weight on an immature skeleton, which may be responsible for genetic predispositions to skeletal anomalies (Applegate and Lilburn, 2002) .
Estimated genetic correlations suggested that traits are either partly controlled by the same genes (pleiotropic genes) or that these genes are in linkage disequilibrium and segregate together, as suggested by Tarka et al. (2010) . Hocking et al. (2009) estimated genetic correlations ranging from 0.93 to 0.98 for the same bone traits in chicken of different lines at different ages. In contrast, Verdal et al. (2013) found a negative genetic correlation (-0.27 ) between tibia weight and length, and virtually no correlation (0.07) between tibia weight and diameter, suggesting that selection for tibia weight did not influence tibia diameter and length.
In the current study, we observed that among tibia bone traits displaying a positive genetic correlation with BW42, tibia length had the lowest genetic correlation with body weight (0.56 ± 0.17) compared to weight and width. Genetic correlation estimates between tibia length, width, and weight decreased when bone traits were adjusted for BW42 as a covariate. Reis et al. (2011) suggested that the fast growth of muscle tissue, particularly breast is not accompanied by bone length growth at the same rate. Likewise, Schmidt et al. (1999) reported that genetic alterations in weight gain in a pure line of broilers were not accompanied by bone strength correlated changes, which could partly explain bone problems in broilers.
Fast bone growth in broilers due to high rates of weight gain does not allow bone tissue to form properly, as there is greater bone deposition in the periosteum. This process is associated with problems such as low mineralization, porosity and altered mechanical properties (William et al., 2004) . Bone mechanical properties are determined by minerals, water and organic material (mainly type I collagen), their relative amounts, quality, and arrangement in the bone matrix (Currey, 2003) . According to Sorensen (1992) , resistance to leg fracture in poultry selected for high yield was lower compared to broilers that had not gone through a selection process, suggesting that broilers selected for growth traits such as body weight may be more likely to have bone disorders.
Quantitative trait loci mapping
According to Zhang et al. (2011) , QTL mapping is a major approach to detecting genetic variability of economically important traits. Zhang et al. (2010) studied bone traits and identified 12 QTL between LEI0079 and ROS0025 markers on GGA1. In the current study, we mapped a QTL region for tibia width and weight between the LEI0079 and MCW145 markers on GGA1. The gene DACH1 is mapped on this interval and acts on signaling fibroblast growth factor during skeletal limb development, acting as an intermediate in the metabolic pathway that regulates cell proliferation or differentiation of the fibroblast growth factor (Horner et al., 2002) . This gene is also involved in the formation of the apical ectodermal ridge, responsible for the development of the upper and lower limbs during embryogenesis (Kida et al., 2004) .
One QTL for tibia weight was mapped between LEI0146 and LEI0174 markers (GGA1). These markers have been previously associated with QTL for tibia plateau angle (Sharman et al., 2007) and femur bone mineral density (Rubin et al., 2007) . In this same region, two candidate genes associated with performance traits, fat deposition and carcass percentage are mapped: insulin-like growth factor 1 (IGF1) and lysine (K)-specific demethylase 5A (KDM5A) (Boschiero et al., 2013) . Sharman et al. (2007) also mapped QTL for tibia weight on GGA1, in the region flanked by markers MCW0297 and LEI0146. Nones et al. (2012) mapped QTL for carcass chemical composition on GGA1 using the same population as that used in the current study and they mapped QTL region for fat/dry matter flanked by markers MCW0297-LEI0146 and QTL for fat flanked by markers LEI0146-LEI0174. The highest genetic association in this study was estimated for the tibia width and weight (0.89 ± 0.06). Thus, identification of the same QTL region for both traits on GGA1 (LEI0079-MCW145) and GGA4 (MCW0240-LEI0063) appears consistent.
The fact that QTL regions for bone traits have been mapped in the same region suggests that the same or a group of linked genes are involved in phenotypic variation of these traits. Likewise, Nones et al. (2006) mapped QTL for carcass and BW42 traits on GGA1, in the same broiler population. Ambo et al. (2009) , studying the same population of broilers, mapped QTL for body weight traits at 35 and 41 days of age on the GGA4, exactly in the same chromosome region where QTL for tibia width and weight were mapped (MCW0240-LEI0063). Within this chromosome region, Baron et al. (2011) mapped QTL for drums and thighs; Schreiweis et al. (2005) for tibia area, length, and width; and Sharman et al. (2007) for tibia bone mineral density, and femur weight.
On GGA6, in the same QTL region identified in this study for tibia length (ADL0377-ADL0142), QTL were mapped for body weight at 1 day of age (Ambo et al., 2009 ) and tibia width (Schreiweis et al., 2005) . Sharman et al. (2007) also described a QTL region for the femur weight very close to this QTL region.
In this study, one QTL was mapped for tibia weight on GGA13, between the markers ADL0147 and MCW0213. Markers previously associated with QTL for thigh bone weight have been described in the same chromosome region (de Koning et al., 2004) .
Novel QTL were mapped flanked by markers ADL0150-ADL0319 and LEI0079-MCW0145 on GGA1; ROS0302-MCW301 on GGA24; and LEI0118-MCW224 on GGA3. All regions had no previous description associated with bone traits in the literature.
For selection, it is important to find QTL regions with a direct, rather than indirect, effect on the traits of interest through total live weight. Without adjusting BW42 as a covariate, many QTL regions were mapped for these traits nearby regions associated with BW42 in the same population used in this study (Nones et al., 2006; Ambo et al., 2009; Campos et al., 2009; Baron et al., 2011; Nones et al., 2012) . When BW42 was included as a covariate in the model, only three QTL were mapped: two for tibia weight and another for tibia width (Table 3) .
The QTL for tibia weight mapped on 168 cM on GGA2 between markers ADL0373 and LEI0096 was not observed without BW42 as a covariate, probably because the QTL region with the greatest effect was mapped for BW42, or because two QTL regions strongly associated with effects in the same direction tend to present as a single QTL of great effect (Barton and Keightley, 2002) . This same chromosome region has been associated with body weight at 35 days of age (Ambo et al., 2009 ) and with carcass percentage (Baron et al., 2011) . The melanocortin-4 receptor gene (MC4R), which has been associated with the weights of body, carcass, and leg muscle in broilers, is mapped to this QTL region, and is considered an important candidate gene for carcass traits such as body weight and growth (Qiu et al., 2006) .
After adjusting for BW42 as a covariate, one QTL region was also found for tibia width on GGA3, flanked by markers LEI0118 and MCW224. Baron et al. (2011) mapped one QTL region adjacent to this region to percentage of wings, drums, and thighs related to body weight at 42 days of age. There are no reports in the literature describing QTL for bone traits in that chromosome region.
Although there are few studies of QTL regions associated with tibia bone traits, markers associated with QTL regions in other populations corroborated with those reported in the current study, suggesting that these, as well as the new chromosome regions identified here, are important regions for future research of candidate genes and causal mutations. These findings will contribute to a better understanding of how these traits are related, and may contribute to identifying means by which to reduce bone or locomotor problems, which currently cause great economic losses in the poultry industry.
